Two-dimensional transition metal oxychlorides (MOCl, M = Fe, Cr, V, Ti, Sc) with the metaloxygen plane sandwiched by two layers of chloride ions possess many exotic physical properties. Nevertheless, it is of great challenge to grow two-dimensional single-crystal MOCl because polyvalent nature of transition metal elements usually gives rise to mixed oxyhalides compounds with distinct physical properties. Here, we take VOCl as an example to present a solution for synthesizing 2D freestanding MOCl with various thicknesses through chemical vapor deposition (CVD) method. The single crystal and elementary composition as well as elements ratio of as-grown samples have been characterized through measurements of X-ray diffraction, X-ray photoelectron spectroscopy and energy-dispersive spectroscopy, respectively. Furthermore, we demonstrate that 2D VOCl-based memristive devices show low power consumption and excellent device reliability due to the layered-structure and electrically insulating properties of 2D VOCl flakes. Besides, we utilize the feature of multilevel resistive switching that memristive devices exhibit to emulate depression and potentiation of synaptic plasticity. This method developed in this study may open up a new avenue for the growth of 2D MOCl with single crystal and pave the way for high-performance electronic applications.
Introduction
The rise of two-dimensional (2D) materials and van der Waals heterostructures [1, 2] with unique optoelectronic and electronic properties has fueled the development of high-performance electronic and optoelectronic devices, such as tunneling field effect transistor with ultra-low sub-threshold swing [3] , integrated logic and in-situ memory [4] , robust and high-temperature memristor [5, 6] , and ultrahigh sensitivity photodetector [7] [8] [9] [10] [11] [12] [13] . Last few years have witnessed an extensive effort in the search for novel 2D materials used for realization of advanced electronic applications [11, [14] [15] [16] . In addition to transition metal dichalcogenides (TMDCs) [17] [18] [19] and MXene [20, 21] , a wave of interest in exploring the physical properties of layer-structured transition metal oxychloride (MOCl, M = Fe, Cr, V, Ti, Sc) [22] [23] [24] [25] [26] has surged in recent years, in which metal-oxygen layers are sandwiched by two chloride layers. MOCl has shown interesting electronic and magnetoelectric properties. The presence of large exchange interaction in MOCl may lead to the discovery of high-Tc multiferroic material [25] .
As a representative MOCl, VOCl with orthorhombic structure (as shown in Figure 1(a) ) is a strongly correlated material system and becomes a typical Mott insulator with antiferromagnetic order below temperature of 79 K [27] . Strong magnetoelastic coupling in VOCl system [22] may be used for development of magnetoelastic sensors and actuators. With the layered structure, VOCl shows excellent property of ion diffusion and has been proposed to be one of the ideal cathode materials [28] [29] [30] [31] . The dimensionality may affect the physical properties of MOCl. As the dimensionality of VOCl is reduced down to 2D, novel physical properties may emerge and give rise to potential electronic applications. For example, a recent theoretic work has predicted that monolayer CrOCl could show intrinsic ferromagnetism with high Curie temperature up to 160 K [26] , suggesting a huge potential of 2D MOCl in future low power consumption device applications. However, it has been challenging to synthesize single-crystal 2D MOCl through CVD. Here, we report the chemical vapor deposition synthesis of 2D freestanding VOCl for the first time. We also perform X-ray diffraction (XRD), selected area electron diffraction (SAED) and high-resolution transmission electron microscopy (HRTEM) studies to characterize the as-grown samples and analyze their crystal structure and element composition as well as valence state of elements. With its layered structure and electrically insulating properties, VOCl could serve as an active layer of memristive devices and show great promise in reducing power consumption and improving device reliability. Our study offers a promising way to grow 2D MOCl and achieve high-performance 2D MOCl based electronic applications.
Results and discussion
The experimental setup for 2D VOCl synthesis is illustrated in Figure 1 (b). VCl 3 is used as precursors and placed in the middle of furnace tube corresponding to low temperature zone (about 375 • C). The substrate is placed in high temperature zone (600 • C) with few centimeters away from precursors region. To create a preferable environment for 2D VOCl synthesis, the furnace tube is kept successively with atmosphere of Ar (500 sccm) and Ar (100 sccm)/H 2 (20 sccm) for 10 min. After that, low and high temperature zones are heated to target temperatures within 25 min and then maintain at the target temperatures for 10 min. The Ar (65 sccm) is used as the carrier gas. When the growth process is done, the furnace tube is rapidly cooled down to room temperature.
The following chemical reactions take place during heating [32] [33] [34] , VCl 3 (s) ⇔ VCl 4 (g)+VCl 2 (s). As the VCl 2 (s) has high melting point and is not volatilize, we propose that growth of 2D VOCl may be attributed to oxidization of VCl 4 (g) under the catalysis of H 2 . The specific growth processes are proposed below. When the temperature of the precursor region is heated to approach the melting point of VCl 3 (s), VCl 3 (s) undergoes disproportionation reaction and produces gaseous VCl 4 and solid VCl 2 [32, 33, 35] . The VCl 4 (g) is subsequently transported downstream by Ar carrier gas and reacts with O 2 to form VOCl on the substrate due to its strong reduction nature. The H 2 gas flow is kept at extremely low rate (4 sccm) during growth process in order to synthesize 2D VOCl. The oxygen source for oxidizing VCl 4 may be from in-towards diffusion from the end of furnace tube. All the precursors are oxidized due to strong reducing nature of product VCl 2 , which is supported by the characterization of X-ray diffraction characterization ( Figure S1 ) [32] . Compared to other compounds of Vanadium oxyhalides, VOCl is more stable in ambient conditions [32] and may show huge potential in room-temperature electronic applications.
Based on the proposed chemical reaction processes, 2D freestanding single crystal VOCl with various thicknesses can be obtained. Figure 1 VOCl flakes have been synthesized with one edge attached to the substrate. The growth mechanism might be attributed to anisotropic grown rate and poor wettability of VOCl on Si/SiO 2 [33] . Further studies are required to understand the dynamic growth processes and the growth mechanism of VOCl flakes. Benefiting from this vertical material growth, the freestanding VOCl flakes can be transferred to any other target substrates by pressing the substrate with as-grown samples directly onto target substrate. Similar pressing-and-transferring approach is also mentioned in prior study [33] . Usually, transferring 2D materials synthesized by CVD method suffers from quality degradation of 2D materials [36, 37] as the substrate has to be etched chemically and the samples are inevitably contaminated by chemical solutions, which is harmful to the study of their physical properties or device performance. Figure 1 Figure S2 ), which indicates that the flakes are two-dimensional. Furthermore, we can obtain the VOCl flakes with various thicknesses, ranging from 1.5 nm to 57 nm. Interestingly, the thick samples with large area of around 10 µm × 40 µm can also be obtained in the experiment ( Figure S2 ), which has been challenging in the synthesis of TMDCs and other 2D materials [38, 39] . It should be emphasized that this transfer approach is contamination-free and damage-free, which would be of crucial importance in fabricating high-yield and high-performance electronic and optoelectronic devices.
To study the crystal structure of as-grown VOCl, we characterize the samples through X-ray diffraction (XRD), with results shown in Figure 2 (a). The samples on substrates are scratched by knife blades and collected into Polyimide pipe (PP). The PP tube with samples is then loaded into the micro XRD testing equipment (Bruker, D8 VENTURE), with X-ray source spot size of 100 µm. The narrow sharp peaks in the XRD pattern corresponding to different crystal planes are indicative of single crystal nature of as-grown VOCl [40] . By comparison of this XRD results with standard power diffraction file (PDF# 17-0110, red line), we conclude that as-grown 2D VOCl flakes are of orthorhombic lattice structure. Note that three peaks corresponding to (001), (101) and (012) crystal planes in the measured XRD pattern exhibit various intensities different from standard power diffraction file, where equal intensities are presented. This difference might be attributed to effect of dimensionality of as-grown samples. Besides, the little shift in each peaks position of the XRD pattern probably is due to residual stress introduced in the processes of VOCl growth and scratch [40] . The additional peak at 28.7 marked with blue heart arises from the silicon residue during mechansinical peeling samples from substrates.
Besides the crystal structure, the physical properties of 2D materials would be affected by the valence state of chemical components [41] . To confirm the valence state of vanadium, we characterize surface properties of sample on silicon substrate through X-ray photoelectron spectroscopy (XPS), as shown in Figure 2 (b). The presence of V 2p 3/2 peak at 516.3 eV confirms the +3 valence state of vanadium and suggests that the surface of 2D VOCl flakes is free of oxidization [31] . We also present the full spectrum scan of 2D VOCl samples (the inset of Figure 2(b) ). The results show the presence of vanadium (V), oxygen (O), carbon (C), chlorine (Cl) and silicon (Si) elements without any other impurities, indicating high purity of as-grown 2D VOCl samples.
We further carry out characterization of 2D VOCl flake through transmission electron microscopy (TEM) to study its crystal structure in detail. Freestanding feature of as-grown 2D VOCl flakes allows for easy transfer of as-grown flakes to micro-grid copper mesh just by pressing copper mesh onto the substrate with samples. Figure 3 (a) shows a low resolution TEM image of 2D VOCl flake on the copper mesh. Electron dispersive spectroscopy (EDS) mapping of 2D VOCl flake marked in red box has been carried out and the corresponding results are presented in Figure 3 (b). The intensity distribution of vanadium, oxygen and chlorine elements is uniform and the ratio among these three elements corresponds to 1 : 1 : 1, which is in accordance with XPS results. To further reveal microstructural information of 2D VOCl flake, HRTEM image is taken and presented in Figure 3 (c). A well-crystallized structure can be clearly observed in the image, which clearly demonstrates that the 2D VOCl flake is of orthorhombic structure with stacking order along [001] orientation. The bright pattern appearing in corresponding selected area electronic diffraction (SAED) of the same area (in Figure 3(d) ) indicates single crystal nature of 2D VOCl, in consistence with the XRD result shown in Figure 2 With the layered structure and electrically insulating properties, 2D VOCl flakes are suitable for memristive device applications. 2D layered materials have been widely used in memristors in the hope of achieving lower power consumption applications [42, 43] , improving device reliability [44, 45] and flexibility [5, 46, 47] . Compared with extensively TMDs as active layer, insulating 2D layered VOCl material [27] shows great promising in lower power consumption operation of SET/RESET. The promise in memristive device may be further enhanced with its stable single crystal layered structure. Figure 4 via standard polyvinyl alcohol (PVA) transferring method. After dissolving PVA film with deionized water for 30 min, standard electron-beam lithography and electron-beam evaporation deposition are used to fabricate the top electrode (TE, 10 nm Ag/35 nm Au).
To check the performance of 2D VOCl-based memristive devices, we study the switching behaviors and present the results in Figure 4(b) . The devices exhibit bipolar switching curves. Compared with device without Ag electrode, the VOCl based memristive device shows lower switching voltage and significant enhancement of stability, implying that Ag electrodes play a crucial role in resistive switching. We propose that diffusion of Ag ions from electrodes in the active layer (2D VOCl flake) might be responsible for switching [48] [49] [50] , which is supported by both the positive set/negative reset (see Figure 4 (b)) and high LRSC (low resistance state current) characterizes. The virgin state of the memristive device is high resistance state (HRS). When the 1st positive voltage is applied between TE and BE, Ag atoms firstly lose their electrons and then are oxidized into Ag ions (Ag+). Under action of the vertical electric field, Ag ions drift through the active layer of VOCl and eventually form conductive filaments (CFs) connecting TE and BE to lower resistance of the memristors (low resistance state, LRS), which corresponds to electroforming process (gray line in Figure 4(b) ). When negative voltage is applied between electrodes, the CFs will be ruptured and the resistance goes back to high level (RESET process, blue line in Figure 4(b) ). When we apply positive bias, the CFs composed of Ag+ would form again and resistance of the memristive device would be at LRS (SET process, red line in Figure 4(b) ). We have fabricated a few devices with VOCl of various thickness below 25 nm and these devices show little variance ( Figure S4 ). The diffusion of oxygen ion, chemical reaction and the roles of crystal defects are difficult to strictly exclude, and advance experiment like in suit TEM characterization would be helpful to analysis the exact switching process. As mentioned in Section 1, 2D VOCl flakes show layered structure, the stable single-crystal structure enables the possibility of good device reliability. Subsequently, we measure endurance and retention of the memristive devices, with results shown in Figures 4(c) and (d) , respectively. As expected, the devices show good performance with endurance of 100 DC cycles and retention up to 10 5 s at room temperature. Compared with transition mental dichalcogenides (TMDs) based devices, higher resistances in HRS [46, 51] can be achieved in the memristive devices based on 2D VOCl flake. This is an indication that the VOCl based memristive devices are promising in achieving low power consumption of operation.
The good performance of memristive devices based on 2D VOCl flakes may be critical to emulation of biological synapse. However, the multilevel resistive states of memristive devices are required. Interestingly, we observe multilevel resistive switching in VOCl based memristive devices (Figure 4(e) ). By either varying compliance current (red lines) or RESET voltage (blue lines), the resistance can be tuned step by step. Specifically, when we increase compliance current from 50 µA to 600 µA, the resistance of memristive device would continuously decrease. While the resistance of memristive device would increase gradually with increasing RESET voltage from −0.2 V to −0.7 V. Based on the multilevel resistive switching characteristics, depression mode and potentiation mode of biological synapses could be simulated in the devices. As shown in Figure 4 (f), the resistance of VOCl based memristive device gradually shows an increase or a reduction with consecutive negative (−1.15 V, 500 µs) or positive (1.6 V, 50 µs) voltage pulses, respectively. This suggests that our VOCl based memristors have potential applications in neuromorphic computing [48, [52] [53] [54] [55] [56] [57] .
Conclusion
In summary, we for the first time synthesized freestanding 2D VOCl flakes with various thicknesses and showed their application in electronic devices. The crystal structure and chemical component as well as valence states of as-grown samples have been characterized by joint measurements of XRD, XPS and TEM. The freestanding feature of as-grown 2D VOCl flakes allows contamination-free transfer. By using the layered structure and electrically insulating properties of 2D VOCl, the fabricated memristive devices have shown low power-consumption switching and multilevel resistive states. Using the multilevel feature, we have emulated the depression and potentiation behaviors of biological synapses. Our study not only provides an approach to synthesis freestanding 2D MOCl materials through CVD method, but also demonstrates their potential applications in realizing high-performance electronic devices.
